Abstract. The measurement of CFSE dilution by flow cytometry is a powerful experimental tool to measure lymphocyte proliferation. CFSE fluorescence precisely halves after each cell division in a highly predictable manner and is thus highly amenable to mathematical modelling. However, there are several biological and experimental conditions that can affect the quality of the proliferation data generated, which may be important to consider when modelling dye dilution data sets. Here we overview several of these variables including the type of fluorescent dye used to monitor cell division, dye labelling methodology, lymphocyte subset differences, in vitro versus in vivo experimental assays, cell autofluorescence, and dye transfer between cells.
Introduction
CFSE dilution is one of the most commonly used measures of lymphocyte proliferation in immunological studies. The use of CFSE in measuring lymphocyte proliferation began with our studies using the fluorescent dye in lymphocyte migration analyses in mouse models [1] . CFSE was ideally suited for this application, labelling cells with a very bright stable fluorescence that had very minimal fluorescence variation throughout the labelled cell population and had low cell toxicity. After adoptive transfer into mice CFSE-labelled lymphocytes could therefore be identified quite discretely from host cells using flow cytometry over long periods of time. Bruce Lyons, repeating similar migration experiments in our laboratory, fortuitously noted that CFSE-labelled B cells transferred into very young mice appeared to undergo serial halving of dye fluorescence intensity, indicative of cell proliferation [2, 3] . Indeed, Lyons and Parish went on to confirm, using Hoechst fluorescence quenching by BrDU, that daughter cells in a dividing CFSE-labelled population of lymphocytes had received half the amount of CFSE from their parent cells [2] .
In hindsight, the same key attributes of CFSE that make it an ideal cell tracking dye in in vivo migration assays also make it ideal for proliferation analysis. The high fluorescence that can be achieved Figure 1 . CFSE-dilution as a measure of lymphocyte proliferation. Spleen cells from mice were labelled with 40µM of CFSE in RPMI1640 medium supplemented with 10% FCS and cells stimulated with multiple mitogens [7] in in vitro culture for 4 days and T cells (CD90.2 + ) analysed by flow cytometry for CFSE dilution. In addition, unstimulated CFSE-labelled T cells and unlabelled T cells were also cultured for 4 days to monitor undivided cell fluorescence and cell autofluorescence.
with CFSE-labelled cells means that it takes several rounds of division before the dye dilutes to the equivalence of cell autofluorescence, allowing several divisions to be detected. The minimal variation in dye labelling of lymphocytes (lymphocytes labelled with CFSE can have a fluorescence standard deviation of 25% or less than the mean fluorescence intensity across a broad range of fluorescence levels) coupled with high and uniform stability of labelling across a broad range of fluorescence intensities results in each cell division being associated with a discrete shift in the level of fluorescence. In addition, to maximise fluorescent peak resolution it is possible to pre-sort cells to have a very narrow CV of CFSE fluorescence before initiation of division [4] . Although there have been reports that CFSE labelling can be toxic for cells [5, 6] , when cells are labelled in appropriate buffers cell toxicity is very low [5, 7] . A typical division histogram of mouse T cells, using current CFSE cell-labelling methodologies [7] [8] [9] , is depicted in Figure  1 . This figure highlights the highly uniform fluorescent labelling that results in discrete divisions being achievable with CFSE and also shows the importance of including non-activated CFSE-labelled cells and unlabelled cells to monitor undivided cell fluorescence and cell autofluorescence which indicate the extent of dye dilution/division number that is possible for any given assay. It should be noted, however, that in the example shown in Figure 1 the fluorescence of the non-activated CFSE-labelled cells is slightly higher than the fluorescence of the non-dividing cells in the proliferating population. This difference varies from experiment to experiment for reasons that are unclear, although the data shown in Figure 1 represents an extreme example of this phenomenon. Nevertheless, it is an important variable that should be considered when mathematically modelling CFSE proliferation data.
The application of CFSE to cell division studies has now been used for a number of species other than mouse and human, such as teleosts [10] . In addition, cells other than lymphocytes have been shown to be amenable to CFSE analysis, such as hemopoietic stem cells [4] , myeloid leukemic progenitors [11] and bacteria [12] . A major application has been the analysis of cell differentiation, which has shown that for both B and T lymphocytes, there is a clear link between cell cycle number and acquisition of differentiation markers, such as cell surface molecules and secreted cytokines [13] [14] [15] . Other studies have also shown that CFSE analysis can be performed using cell nuclei prepared from dividing lymphocytes, allowing analysis of the nuclear transcription factors that control division and differentiation [16] . In addition to lymphocyte behaviour in immune processes, CFSE analysis has also been used to examine the modification of lymphocyte division by drugs targeting cell kinases [17] [18] [19] .
Since CFSE fluorescence precisely halves after each cell division in a highly predictable manner [7] data obtained from CFSE proliferation assays is highly amenable to mathematical modelling [19] [20] [21] [22] [23] [24] [25] [26] [27] . From a biological point of view, mathematical models offer a way to examine how the immune response develops in a temporal and quantitative way. It may be useful in predicting the success of an immune response based on key correlates of lymphocyte development such as the extent of lymphocyte subset proliferation. Furthermore, the use of modeling to predict distinct CFSE-based division peaks from experimental data that has poorly resolved division profiles can help to correlate phenotypes more precisely with the division history of cells.
There are several biological and experimental conditions we have noted over the years that can affect the quality of the proliferation data generated and, consequently, may be important to consider when modelling dye dilution data sets. These biological and experimental variables became more apparent when additional, CFSE-like, fluorescent dyes became available to monitor lymphocyte proliferation. Here we overview several of these variables including the type of fluorescent dye used to monitor cell division, dye labelling methodology, lymphocyte subset differences, in vitro versus in vivo experimental assays, cell autofluorescence, and dye transfer between cells.
Fluorescent dyes used to measure lymphocyte proliferation
The reason CFSE has such outstanding cell labelling properties is essentially due to two key chemical attributes of the dye [5, 7] . The first is the two acetate groups that allow the dye to readily cross the plasma membrane of cells, but are subsequently enzymatically removed by intracellular esterases. This cleavage has two effects: the dye becomes much less membrane permeant and thus accumulates rapidly within the cell and the dye becomes highly fluorescent. The net result is a rapid accumulation of fluorescent CFSE molecules within viable cells giving a high level of cell fluorescence. The second key chemical attribute of the dye is the succinimidyl group of CFSE that is responsible for the retention of the fluorescent dye within cells, the amine reactive succinimidyl group covalently attaching the dye to cellular proteins. Since many proteins within the cell are long lived, the covalent attachment of the dye results in stably fluorescent cells, with high turnover proteins that are CFSE labelled being eliminated by catabolism within the first 24 hours after labelling.
While many fluorescent dyes have been used as an alternative to CFSE in experimental assays, the most successful of these alternate dyes are those that have similar chemical properties to CFSE. These include SNARF-1 (Life Technologies), also an esterase activated succinimidyl containing dye, with relatively broad emission properties (∼550 nm-750 nm; i.e., across the PE and PerCP channels) and excited by a 488 nm laser; DDAO-SE (Life Technologies), a succinimidyl containing dye that has an emission peak at ∼657 nm (equivalent to APC) and is excited by a 633 nm laser; Cell Proliferation Dye eFluor 670 (CPD, ebioscience), an amine reactive dye that like DDAO-SE has an emission peak equivalent to APC and is excited by a 633 nm laser; and CellTrace Violet (CTV, Life Technologies), which is also an esterase activated succinimidyl containing dye, that has an emission peak at ∼455 nm (equivalent to Pacific Blue) and is excited by a 405 nm laser.
In addition, there are several other dyes chemically quite distinct from CFSE that have been used with reasonable success for cell proliferation analyses. A notable example is the lipophilic dyes, such as Figure 2 . Comparison of CFSE-dilution and CTV-dilution in measuring lymphocyte proliferation. Spleen cells from mice were labelled with 40 µM CFSE or CTV in RPMI1640 medium supplemented with 10% FCS and cells stimulated with multiple mitogens [7] in in vitro culture for 4 days and then CD4+ and CD8+ T cells (CD90.2 + ) analysed by flow cytometry for dye dilution. In addition, unstimulated CFSE-labelled spleen cells and unlabelled spleen cells were also cultured for 4 days to monitor undivided cell fluorescence and cell autofluorescence.
PKH-26 (Sigma-Aldrich) or the equivalent dye DiI (Life Technologies), which are rapidly incorporated into the lipid bilayer of membranes forming strong non-covalent interactions with surrounding lipid tails. PKH-26/DiI has an emission peak at ∼567 nm (equivalent to PE) and is excited by a 488 nm laser.
While many of these dyes have provided a useful alternate to CFSE, since they emit at wavelengths compatible with fluorochromes emitting in the CFSE/FITC emission range, most are inferior to CFSE in detecting cell division. Invariably this is due, among other differences, to these dyes being unable to resolve discrete division peaks as well as CFSE [7, [28] [29] [30] [31] . In our experience so far, only one dye, Cell Trace Violet (CTV), is comparable to CFSE in measuring lymphocyte division [7] . Indeed, when we have performed a comprehensive comparison of lymphocytes labelled with CFSE and CTV [7] , CTVlabelling performs on a par with CFSE-labelling in almost every aspect of cell proliferation. This is highlighted in Figure 2 which shows the clarity of the distinct division peaks detected by CFSE and CTV in proliferating T cell populations. Therefore, we would recommend CTV as the dye of choice for lymphocyte proliferation studies in which, due to spectral overlap, other flow cytometry assays are not compatible with CFSE fluorescence.
Lymphocyte dye labelling methods and analytical consideration
The methodology used to label lymphocytes with proliferation-measuring dyes can have a severe impact on the fluorescence variability and viability of labelled cells as well as the number of possible divisions detectable. In this section we overview several important technical considerations when labelling cells with dyes like CFSE and CTV.
Dye preparation
Since CFSE and CTV will react upon exposure to aqueous solutions it is essential that stock solutions are prepared in anhydrous DMSO. Aliquots (both powder and solution) that are stored below room temperature should be brought to room temperature before exposure to air to avoid water condensation occurring and reacting with the dye.
Dye concentration
The concentration of dye used to label lymphocytes will determine the fluorescence level of the labelled cells are and therefore how many divisions can be resolved. In the case of CFSE and CTV, there is a linear relationship between the concentration of the dye used and the fluorescence intensity of the labelled cells [32] [33] [34] [35] [36] . The dye concentration used is ultimately limited by the amount of spectral "spill over" that occurs into spectrally adjacent detectors of the flow cytometer (since this "spill over" increases with dye fluorescence intensity) and also the cellular toxicity that can be associated with higher dye concentrations [5, 6] . Toxicity becomes less limiting when high levels of reactive amino groups are present in the labelling buffer ( [7] see below). Our current labelling protocols involve exposing cells to dye concentrations ranging from 10 to 80µM, these labelling conditions resulting in optimum proliferation peak resolution, with up to 10 to 12 divisions being detectable at higher dye loading concentrations [7] .
Technique of mixing cells with dye
Since CFSE and CTV rapidly accumulate within cells upon dye exposure, it is critical that the dye is mixed throughout the cell suspension as quickly as possible to ensure homogeneous cell labelling. Indeed, to achieve low variance of fluorescent peaks in cell proliferation assays initial uniform labelling of cell populations is essential. There are several techniques described to accomplish this [5, 9] , with uniform labelling being quite easily achieved by vortexing the cells whilst adding the concentrated dye to a 1-2 ml suspension of cells.
Length of cell-dye incubation
Labelling of lymphocytes with CFSE and CTV essentially reaches saturation levels after 5 min incubation of the dyes with cells at 20
• C.
Cell concentration
It is possible to label lymphocyte suspensions ranging in concentration from 1 × 10 6 -1 × 10 8 cells/ml and any cellular toxicity associated with lower cell concentrations can be overcome by adding molecules containing free amino groups to the labelling buffer (see below).
Labelling volume
Typically lymphocyte labelling is performed with cell suspensions of 1-2 ml, as this volume allows for the rapid mixing of the dye throughout the cell suspension.
Labelling buffer
Several studies have shown that CFSE labelling can be toxic for cells [5, 6] , not just in terms of cell death but also in terms of cell function. For example, apparent cell viability can be unaffected by the labelling procedure but the ability of the cells to proliferate can be seriously compromised. This problem can be easily overcome by labelling cells in tissue culture medium containing high concentrations of protein, the medium and protein providing a high concentration of free amino groups in the labelling solution. It is thought that the free amino groups prevent extracellular CFSE from over-labelling cell surface proteins and interfering with cell proliferation [5, 7] . We currently use RPMI1640 tissue culture medium containing 10% foetal calf serum (FCS) as the labelling solution to limit the toxicity of the labelling procedure [7] .
Washing
Typically, after labelling lymphocytes with CFSE and CTV, to remove excess dye the cells are washed three times by centrifugation with medium containing high protein content.
Spectral spill over of brightly labelled cells
The fluorescence intensity of dye-labelled cells declines significantly in the first few days following labelling but particularly during the first 24 hours. Although this change does not affect the ability to track cell proliferation, as the fluorescence decrease is proportionally uniform across all division peaks, the high level of fluorescence achievable with CFSE and CTV means there can be significant spectral "spill over" of fluorescence into spectrally adjacent detector channels of flow cytometers, particularly within these first few days. This is particularly notable for CFSE "spill over" into the PE detector and CTV spill over into the Pacific Orange detector of flow cytometers and is, therefore, something that should be taken into consideration when designing experiments that require very brightly labelled cells.
With these technical considerations taken into account and appropriate methods used to label lymphocyte with CFSE and CTV, cell proliferation experiments can easily detect 8 divisions (i.e., 9 distinct fluorescence peaks) at relatively high resolution ( Figure 3 ) and can potentially resolve additional divisions before interference from cell autofluorescence.
Experimental and biological variables that can affect cell division resolution
Under identical experimental conditions, replicate samples of lymphocytes labelled with CFSE or CTV generate highly reproducible proliferation profiles (Figure 4 ). However, it should be noted that in vitro cell proliferation assays are acutely sensitive to starting cell concentrations, as cell density can profoundly influence initiation of proliferation. Furthermore, despite using rigorous procedures to label lymphocytes with CFSE and CTV, invariably the resolution of cell division peaks detected by these two dyes tends to decrease as cell division number increases, suggesting that other factors apart from the labelling technique play a role in division resolution. Indeed, over the years we have noted several experimental and biological variables that can impact on cell dye fluorescence and, therefore, represent potential considerations when analysing dye dilution data sets.
Lymphocyte subset differences
When unfractionated populations of lymphocytes from different lymphoid organs are labelled with CFSE, CTV or Cell Proliferation Dye eFluor 670 (CPD) we have noted that lymphocyte subsets within these populations label with different fluorescence intensities [7] . Most notably, B cells tend to label with higher levels of CPD and CTV than T cells (Figure 5a, left panels) . This finding highlights the importance of defining lymphocyte subsets with labelled monoclonal antibodies to delineate target populations precisely in order to achieve the least fluorescence variance of dye labelled cells and, therefore, the best division resolution using the fluorescent dyes. We have also observed that in general, B cells tend to have poorer division resolution than T cells, with the variance of fluorescent division peaks being significantly broader with B cells compared to T cells (this is highlighted in Figure 5a , right panels). The reason for this Figure 3 . High level CFSE-labelling can measure >8 lymphocyte divisions. Spleen cells from T cell receptor (TCR) transgenic mice were labelled with 80µM CFSE in RPMI1640 medium supplemented with 10% FCS and stimulated with specific antigen [7] in an in vivo assay for 4 days and CD8+ T cells analysed by flow cytometry for dye dilution. In addition, unstimulated CFSE-labelled CD8+ T cells and unlabelled CD8+ T cells were used to monitor undivided cell fluorescence and cell autofluorescence. Figure 4 . Reproducibility of CFSE and CTV-generated division profiles. Spleen cells from mice were split in to 8 identical aliquots and 4 separate aliquots labelled with 10µM of CFSE and the remaining 4 aliquots labelled with 10µM CTV in RPMI1640 medium supplemented with 10% FCS. Each of the 8 dye-labelled spleen cell samples were cultured independently with or without multiple mitogens [7] in vitro for 3 days and B cells, CD4+ T cells and CD8+ T cells analysed by flow cytometry for dye dilution. a: Replicate samples of B cells, CD4+ T cells and CD8+ T cells from spleen cell cultures were assessed for CFSE or CTV fluorescence intensity after 3 days culture. Data shows low variability in division profiles between intra-dye and inter-dye replicates. b: % of cells in each division peak within each dye-labelled cell subset across all replicates from data depicted in a. Data shows low variability in the proportion of cells detected in each cell division detected between intra-dye and inter-dye replicates. c: Mean fluorescence intensity (MFI) of CFSE or CTV in cell subset replicates in unstimulated spleen cells from data depicted in a showing low variability in fluorescence of replicate samples labelled with each dye. appears to be, at least in part, due to the capacity of B cells to take up dye from surrounding dyelabelled cells to a greater degree than T cells, which results in an increase in division peak variance and consequently decreased division resolution [7] (see dye transfer below).
In vitro versus in vivo assays
Fluorescent dye-labelled lymphocytes can be used to initiate both in vitro and in vivo experiments from the same sample, and the cell fluorescence profiles of dividing cell populations are identical in both experimental formats [34] . Divided cells can be monitored in vivo for extended periods of time and differences in division behaviour, location and survival between lymphocyte subsets monitored [33, 37] . However, the resolution of cell division fluorescent peaks is generally better in in vivo assays compared to in vitro assays, particularly when comparing B cell division profiles [7] . We suspect that this difference is a consequence of dye transfer between cells altering division peak fluorescence variance, since dye transfer would be more pronounced in in vitro cultures than in an in vivo setting. Such an effect would result in fluorescence variance and hence division resolution being better in in vivo assays.
Cell autofluorescence
The variance of cell autofluorescence is not uniform across all spectral channels of a flow cytometer. In particular, autofluorescence of cells detected in the channels used for CPD and CTV measurement has broader variance than the autofluorescence of cells in the channel used for CFSE detection [7] ( Figure  5b ). We have found that this variance in autofluorescence correlates with the poorer resolution of fluorescent division peaks at later cell divisions, suggesting that as the fluorescence intensity of proliferating dye-labelled cells approaches cell autofluorescence levels they will be influenced more by their autofluorescence variability. An additional consideration here is that when cells are activated they tend to become more autofluorescent than non-activated cells, particularly in the CTV detecting channel, which can compromise the ability of CTV to detect later cell divisions [7] (Figure 5b ). These effects of cell autofluorescence on division peak resolution can be reduced by increasing the initial fluorescence intensity of the dye labelled cells by using higher dye concentrations, which allows more divisions to be discretely observed before cell fluorescence approaches autofluorescence levels [7] (Figure 5a , right panels).
Dye transfer
Most fluorescent dyes have some ability to transfer to surrounding cells even after extensive washing of labelled lymphocytes. This appears to be due to both dye-specific and cell intrinsic properties. For example, we have observed that CPD transfers more than CFSE and CFSE transfers more than CTV between dye labelled and unlabelled lymphocytes [7] (Figure 5c ). We have also observed that B cells tend to acquire more dye from surrounding dye-labelled cells compared to T cells [7] (Figure 5c ). It should be noted that B cells are known to transfer cell components more readily to bystander cells than T cells, particularly when they are activated [38, 39] .
Concluding remarks
Vital fluorescent dyes, such as CFSE and CTV, provide excellent tools to assess and mathematically model lymphocyte proliferation. In order to obtain the optimum results with dye-dilution proliferation assays and associated mathematical modelling of the data generated, several experimental and biological parameters should be taken into account. Methodologically, lymphocyte populations should be labelled as quickly as possible with high concentrations (10-80µM) of the fluorescent dyes in a labelling medium that yields uniformly brightly labelled cells with minimal dye toxicity issues. With current standard flow cytometers, this will result in an initial fluorescence intensity of undivided cells that is capable of detecting up to 12 cell divisions before the dilution of the dye reaches cell autofluorescence levels. Lymphocyte subsets should be delineated as specifically as possible when analysing dye-dilution data to overcome subset differences in dye uptake. Ideally, in order to accurately gauge the background Figure 5 . Factors contributing to the resolution of fluorescent division peaks with different fluorescent dyes. Spleen cells from mice were labelled with 0-40µM of CFSE, CTV and/or CPD in RPMI1640 medium supplemented with 10% FCS, cultured with or without multiple mitogens [7] in vitro for 1-4 days and T cells and B cells analysed by flow cytometry for fluorescent properties. a, left panels: Unstimulated T and B cells were simultaneously co-labelled with all three fluorescent dyes and subset differences in dye fluorescence intensity assessed. a, right panels: T and B cells labelled with 10, 20 and 40µM CFSE and stimulated in vitro for 4 days were assessed for CFSE fluorescence intensity, the data showing subset differences in division peak resolution and increased resolution of later cell division peaks with higher initial CFSE dye labelling concentrations. b: Autofluorescence of activated and non-activated T and B cells. c: CFSE, CTV and CPD transfer from dye-labelled lymphocytes (donors) to unlabelled T and B cells (recipients) during in vitro culture.
autofluorescence that dividing cells will reach after multiple cell divisions, activated unlabelled cells should be used as the autofluorescence control, since these cells often exhibit higher levels of autofluorescence than non-activated or resting lymphocytes. While controlling these technical variables will help optimise the detection of lymphocyte cell divisions, they will only have a limited effect on other biological and experimental parameters that can influence cell division resolution, such as the spontaneous transfer of fluorescent dyes to bystander cells, intrinsic lymphocyte subset variability and inherent differences in the cell division data obtained from in vitro versus in vivo experiments.
